The quartz veins with primary fluorapatite, xenotime-(Y), monazite-(Ce) to monazite-(Nd), uraninite, and secondary florencite-(Ce) and goyazite occur in Lower Devonian metavolcano-sedimentary sequence of the Gelnica Group, Gemeric Superunit, the Central Western Carpathians (eastern Slovakia). They represent an example of hydrothermal REE-U mineralization. Fluorapatite forms parallel bands of columnar crystals (≤ 3 cm) in massive quartz. Monazite-(Ce) to (Nd) shows a near end-member composition with very small amounts of cheralite and huttonite components. Widespread xenotime-(Y) forms colloform aggregates or irregular aggregates in association with fluorapatite and monazite. Uraninite electron-microprobe U-Pb dating gave the average age of 207 ± 2 Ma (n = 16, 2σ), which is consistent with formation of the U mineralization in the Gemeric Superunit (e.g., Kurišková uranium deposit) during early Alpine hydrothermal activity.
Introduction
Rare-earth phosphate minerals occur commonly in magmatic and metamorphic rocks, both as scattered accessory minerals or REE-rich accumulations. However, later mobilization of REE under hydrothermal conditions leads to formation of various types of mineralization, enriched in monazite, rhabdophane, xenotime and other REE phosphate and carbonate phases, frequently together with U-, Th-, and Zr-rich minerals (e.g., Möller 1989; Yongliang and Yusheng 1991; Gieré 1996; Samson and Wood 2005) . Such types of mineralization commonly have significant REE and Y economic potential. However, even the knowledge of small and uneconomic quartz-phosphate hydrothermal vein occurrences may improve our understanding of large REE ore deposits, as well as behavior of REE-phosphate phases in hydrothermal processes.
Quartz-apatite veins in the vicinity of Čučma village (Gemeric Superunit, eastern Slovakia) represents an example of a small, sub-economic accumulation of REE and U. However, it belongs to the most significant local accumulations of REE minerals on the territory of the Western Carpathians (Rojkovič et al. 1999 ). This contribution is focused on detailed mineralogical characterization of this hydrothermal REE-U mineralization, in particular of primary and secondary REE-bearing phosphate phases, as well as associated fluorapatite and uraninite. In addition, U-Th-Pb chemical dating of uraninite helps to decipher the temporal context and petrogenesis of the mineralization.
Geological setting
Hydrothermal veins with the REE-U mineralization at Čučma are hosted in the medium-, to coarse-grained rhyolite metatuffs (main vein) and laminated quartz-sericite or graphite-sericite phyllites (Majerská Valley) of the Bystrý Potok Fm. which belongs to the Gelnica Group (Bajaník ed. 1983 (Bajaník ed. , 1984 (Fig. 1 ). Other authors characterized the host rocks as greenish and grey-green porphyroblastic to gneissic biotite-muscovite metapelites, quartzites and quartzite gneisses of the Zbojnícky kameň Beds (Lower Devonian) of the Smolník Fm., the Gelnica Group, and the Volovec Supergroup (Grecula et al. 2009 (Grecula et al. , 2011 .
The Gelnica Group as a part of the Gemeric Superunit consists mainly of siliciclastic deep-water turbidite sequence with rhyolite/dacite volcanites and volcaniclastics and lydites, which were metamorphosed at lower greenschist-facies conditions (Snopko 1967; Ivanička et al. 1989; Faryad 1991; Vozárová 1993) . It is divided to three formations, defined from the bottom upwards: the Vlachovo Fm., the Bystrý Potok Fm., and the Drnava Fm. (Bajaník ed. 1983; Ivanička et al. 1989) . The assumed Early Paleozoic (Late Cambrian to Early Devonian) age of the Gelnica Group, based on sporomorphs and acritarch assemblages (Snopková and Snopko 1979) and agglutinated foraminifers (Vozárová et al. 1998; Soták et al. 1999) , was recently constrained by U-Th-Pb SHRIMP dating on zircons from acid volcanic rocks (Putiš et al. 2008; Vozárová et al. 2010) . Concordant magmatic zircons from the metavolcanic rocks of the Bystrý Potok Fm. gave an average U-Pb age of 465.8 ± 1.5 Ma (Vozárová et al. 2010) .
The outcrop of the main quartz-apatite vein associated with the REE-U mineralization is located 2.5 km north of the Čučma village in the Spišsko-Gemerské Rudohorie Mts., eastern Slovakia (Fig. 1) . The vein is c. 1.7 km long, up to 3 m thick and dips 65° to SSE. Small occurrences with similar mineralization are also known from the adjacent Majerská Valley and also in the vicinity of Betliar, Helcmanovce, and Kociha villages (Šváb et al. 1966; Rojkovič et al. 1999) . The occurrence was discovered and prospected by the former Uranium Survey company in 1960's (Šváb et al. 1966) . First mineralogical characterization of the REE-U mineralization near Čučma was given in unpublished report of Pelymsky (Tréger 1973 ) who described quartz, apatite, xenotime, uraninite, and pyrite as main minerals. Later, other phosphate minerals were identified: monazite (Varček 1977) and goyazite with plumbogummite (Rojkovič 1993) . Vein filling consists primary of quartz and fluorapatite with local accumulations of REE and U minerals (Tréger 1973; Varček 1977; Rojkovič et al. 1999) . Among the ore minerals pyrite, arsenopyrite, chalcopyrite, galena, and molybdenite occur in small quantities (Tréger 1973; Varček 1977) . Supergene minerals are represented by autunite, goethite, goyazite, opal, plumbogummite, and torbernite (Rojkovič 1993 (Rojkovič , 1997 Rojkovič et al. 1999; Uher and Števko 2009) .
According to Rojkovič (1997) and Rojkovič et al. (1999) , hydrothermal quartz-apatite veins with the REE-U mineralization in the Gemeric Superunit are genetically related to the Permian granites, whereas Lower Paleozoic black phyllites and lydites of the Gelnica Group are regarded as a probable source of REE. The post-orogenic granites (the Spiš-Gemer type) belong to the Permian specialized S-type granites enriched in P, Li, Sn, W, Nb, Ta, Th, U, F, and B (e.g., Petrík and Kohút 1997; Broska and Uher 2001; Poller et al 2002; Kohút and Stein 2005) . Presence of the Spiš-Gemer granites was confirmed by exploratory drilling c. 220 m below the main quartz-apatite vein near Čučma (Šváb et al. 1966) . Moreover, the granites occur in the nearby Gabriela adit, at a distance of up to ~500 m NE from the studied vein with REE-U mineralization. Fluid phases and thermal energy, both generated from the intrusion of these granites, were taken responsible for mobilization of P, REE, and U into the hydrothermal veins (Rojkovič et al. 1999) .
Analytical methods
The electron-microprobe analyses (EMPA) of minerals were carried out by Cameca SX100 electron microprobe (Dionýz Štúr State Geological Institute, Bratislava) at the wave-dispersion mode (WDS) with an accelerating voltage of 15 kV, beam current of 20-100 nA and beam diameter of 1-5 μm. The following standards and lines were used for analyzing the studied minerals: 
Fig. 1
Geological map of the Čučma area, Gemeric Superunit (modified after Bajaník et al. 1983) .
, and NaCl (Cl K α ). Special care was taken to ensure that line overlaps were properly corrected and that background positions were clear of interferences among the REE. We used empirically determined correction factors applied to the following line overlaps: Th → U, Dy → Eu, Gd → Ho, La → Gd, Ce → Gd, Eu → Er, Gd → Er, Sm → Tm, Dy → Lu, Ho → Lu, Yb → Lu, and Dy → As Monazite and xenotime formulae were obtained on the basis of 4 oxygen atoms. Apatite was recast to give 13 total anions assuming OH = 1 -(F + Cl) and uraninite formulae were calculated based on sum of cations = 1 atom. 
Results

Quartz
Massive grey quartz is the dominant mineral of the REE-U mineralization. It forms anhedral monomineral aggregates, hosting fluorapatite, REE phosphates, and other minerals. Locally, quartz contains minute veinlets and aggregates of muscovite, Fe-oxide phase (hematite or magnetite), and uraninite. Using cold cathodoluminescence (CL) imaging, quartz shows thin irregular aureole with brighter CL around the microscopic uraninite veinlets, apparently due to local radiation damage.
Fluorapatite
Fluorapatite is very common and the most characteristic mineral at the studied locality. It forms prismatic to columnar crystals up to 3 cm long, which are usually concentrated to parallel bands in quartz (Fig. 2a) . Rare partially corroded crystals of fluorapatite up to 5 mm across were observed in cavities of quartz. Locally, it shows irregular to sector zoning (Fig. 2b ). Fractures and interstitial space between fluorapatite crystals are filled by younger crystals and aggregates of monazite-(Ce) and monazite-(Nd), xenotime-(Y), uraninite, coffinite, and supergene minerals, like florencite-(Ce), goyazite, and autunite. Tiny inclusions of above-mentioned minerals in fluorapatite are also common. Fluorapatite shows high F (0.72 to 1.00 apfu) and locally elevated Fe and Mn contents (up to 1.1 wt. % FeO and MnO; 0.08 apfu Fe and Mn). These contents are generally lower than Fe and Mn concentrations in accessory magmatic fluorapatite I (≤ 1.4 wt. % FeO and 1.6-3.3 wt. % MnO) but higher than secondary low-T fluorapatite II, both from adjacent granites (< 0.1 wt. % FeO and <0.5 wt. % MnO; Broska et al. 2004) . Consequently, the concentrations of Fe and Mn in Monazite has a relatively homogenous composition dominated by the LREE phosphate end-member and contains only subordinate amounts of the cheralite (Chr, Ca 0.5 Th 0.5 PO 4 ) and huttonite (Hut, ThSiO 4 ) components (X Chr ≤ 10 mol. %, X Hut = 0 mol. %; Tab. 2). The Ce 3+ is the dominant REE cation (0.30-0.50 apfu Ce). However monazite-(Nd) with atomic Nd/ Ce of 1.02-1.23 and 0.35-0.38 apfu Nd was detected in places ( Fig. 3 ; Tab. 2). Locally, monazite-(Nd) shows slightly elevated content of S (up to 0.9 wt. % SO 3 ; 0.02 apfu S). The content of Th in monazite is usually below the detection limit of the electron microprobe 0.000 0.000 0.000 0.000 Formulae based on 4 oxygen atoms; n.a. = not analyzed (up to 0.02 wt. % ThO 2 ); also concentration of U (up to 0.7 wt. % UO 2 ; 0.007 apfu U) and other measured elements (As, Si, Fe, Ca, Sr, Al and Ti) are negligible to low (Tab. 2). Consequently, our attempt to apply chemical, in situ electron-microprobe dating of monazite was unsuccessful due to very low Th and U contents.
Xenotime-(Y)
Xenotime-(Y) represents the most abundant primary REE phosphate at the studied locality. Two types of xenotime-(Y) were observed, which differ in form as well as in chemical composition. The first and the most common type is represented by colloform to botryoidal aggregates (Fig. 4a) up to 2 mm in size, which fill the interstitial space between the older fluorapatite crystals. Typical of these aggregates are numerous tiny inclusions of uraninite and monazite-(Ce), which are mostly parallel to the banding of xenotime-(Y) aggregates (Fig. 4a) . The second type of xenotime-(Y) are subhedral crystals up to 90 µm across, which are grouped to irregular aggregates in quartz or in fluorapatite (Fig. 4b) 
Uraninite
Uraninite is an abundant mineral and it forms anhedral crystals and aggregates, typically up to 50 µm in size, exceptionally up to 2 mm which are associated mostly with xenotime-(Y), and monazite-(Ce) to monazite-(Nd). Characteristic are parallel bands of uraninite inclusions (Fig. 4c) 
Florencite-(Ce) and goyazite
Florencite-(Ce), ideally CeAl 3 (PO 4 ) 2 (OH) 6 , was identified as irregular aggregates, veinlets and fillings of fractures in fluorapatite crystals (Fig. 6a) . Goyazite, ideally SrAl 3 (PO 4 ) 2 (OH) 6 , occurs as chaotic veinlets and fracture fillings of fluorapatite crystals. It commonly shows an irregular chemical zoning (Fig. 6b) , which is caused by variable content of REE. Both minerals represent supergene products of monazite-(Ce) or monazite-(Nd) alteration and are often associated with other supergene phases, like autunite to meta-autunite, goethite, opal, torbernite and unaltered relicts of primary monazite-(Ce), uraninite, and xenotime-(Y). Representative EMP analyses of florencite-(Ce) and goyazite from Čučma are compiled in Tab. 4. Florencite-(Ce) to goyazite contains low to moderate concentrations of Sr (5.2-11.7 wt. % SrO; 0.25-0.55 apfu Sr) and very low concentrations of As (up to 0.15 wt. % As 2 O 5 ; 0.001 apfu As), which reflects only a minor miscibility in the system (Ce,Sr)Al 3 (PO 4 ) 2 (OH) 6-x (H 2 O) x -(Ce,Sr)Al 3 (AsO 4 ) 2 (OH) 6-x (H 2 O) x (Fig. 7a) . The presence of low concentrations of S (0.1-0.5 wt. % SO 3 ; 0.008-0.03 apfu S) may be attributed to the substitution Sr 2+ + S 6+ = Ce 3+ + P 5+ , reflecting a subordinate presence of the svanbergite, SrAl 3 [(OH) 6 (SO 4 )(PO 4 )], component (Fig. 7b) . The concentrations of actinide elements (Th, U) are generally low, not exceeding 0.5 wt. % of each oxide. Lead occurs in vari able amounts, up to 3.6 wt. % PbO (0.09 apfu Pb). It may be preferentially coordinated with Fe 3+ (assuming that all Fe is trivalent), as kintoreite, PbFe 3 [(OH) 6 (PO 3 OH)(PO 4 )]. In some cases, Pb (apfu) slightly exceeds Fe (apfu), possibly implying only a limited solid solution toward plumbogummite, PbAl 3 [(OH) 6 (PO 3 OH)(PO 4 )]. Contents of Ca, ranging from 0.5 to 2.0 wt. % CaO (0.04-0.18 apfu Ca) suggest also an influence of crandallite-type substitution mechanism (Fig. 8) . Florencite-(Ce) and goyazite contains up to 0.43 wt. % F, substituting for OH (0.09 apfu F).
Chemical U-Pb dating of uraninite
The chemical, in situ electron-microprobe U-Pb dating of uraninite (20 point analyses) gave an age interval between 171 and 215 ± 2 Ma according to Montel et al. (1996) calculation (Tab. 5). Histogram shows 191 to 220 Ma as a main age interval with three scattered younger age determinations (Fig. 9) . Consequently, the main uraninite age population shows the average value of 207 ± 2 Ma (n = 17, 2σ). The calculated ages (after Montel et al. 1996) are almost identical in comparison to those obtained by the procedure of Bowles (1990) . The empirical expressions by Ranchin (1968) and by Cameron-Schiman (1978) gave 1-1.5 and 7-7.5 % higher ages, respectively, compared to Montel et al. (1996) calculation (Tab. 5, Fig. 10 ). 
Discussion and conclusions
Age of Ree-U mineralization
Four different calculation procedures were applied to determine an age of uraninite from the Čučma REE-U vein mineralization. The most matching results gave approaches of Bowles (1990) and Montel et al. (1996) . These two methods use more precise equations including decay constants in contrast to older approximate empirical formulae (Ranchin 1968; Cameron-Schiman 1978) and thus are preferred here.
The chemical (electron-microprobe) dating of uraninite indicates a Late Triassic, Rhaetian age of the Čučma REE-U mineralization with an average value of 207 ± 2 Ma (n = 17, 2σ). Scattered younger age results (171 to 193 ± 2 Ma) come from smaller uraninite grains (< 10 μm across) and most probably they reflect an episodic Pb loss by some younger thermal overprinting and/or recrystallization event.
Such an overprint would be connected with partial alteration of uraninite, fluorapatite, monazite, and xenotime and formation of florencite-(Ce), goyazite and other supergene phases. Consequently, we can assume the Late Triassic (~205 Ma) as the most probable age of precipitation of uraninite and the primary REE-U mineralization near Čučma.
The age of uraninite from the Čučma REE-U mineralization is distinctly younger than solidification of adjacent Permian granites of the Spiš-Gemer type and Gemeric Unit and the Bôrka Nappe, both also in the Gemeric Superunit (Vozárová et al. 2012) . Consequently, the direct genetic link between the Permian granites or volcanic rocks and the Čučma vein mineralization is not likely. On the other hand, there are several younger, Late Triassic to Early Jurassic age determinations (~195 to 210 Ma) in the Gemeric Superunit, analogous to the Čučma REE-U mineralization. They include muscovite (fuchsite) K-Ar dating from siderite hydrothermal vein at Rudňany (205 Ma; Bagdasaryan et al. 1977; Cambel et al. 1990) , and muscovite K-Ar dating of the Hnilec granite (195 to 210 Ma; Cambel et al. 1990 ). An early Alpine heating event between 225 to 205 Ma is indicated by some monazite ages of metatectic granite from Rožňava, Guľapalag (U-Th-Pb chemical dating; Radvanec et al. 2009 ). Recent Re-Os molybdenite dating of the Kurišková uranium deposit near Košice gave Late Permian ages (257.2 ± 3.0 Ma to 255.6 ± 3.7 Ma) for massive vein mineralization originated from igneous source (Kohút et al. 2013) , whereas the superimposed U remobilization within shear zones occurred in Triassic-Jurassic (~200-160 Ma) as documented by chemical dating of uraninite (Demko et al. 2011 (Demko et al. , 2012 .
On the basis of structural data, the Late Triassic was characterized by an early Alpine extension, following unroofing of the Paleozoic basement rocks of the Gemeric Superunit (VD 2 stage, Grecula et al. 2011) . This is consistent with opening and growth of the Meliata oceanic basin during Triassic period (e.g., Putiš et al. 2012 ). An extensional tectonic regime enabled activation of faults and fractures in Paleozoic metamorphic rocks, as well as circulation of hydrothermal fluids and solutions. However, accessory xenotime, monazite, and apatite occur also in the quartz-tourmaline stage of stibnite and siderite ore veins of the Gemeric Superunit (Varček 1985) . The chemical monazite U-Th-Pb ages from stibnite veins cluster around 130 and 80 Ma; the monazite dating from nearby Čučma, Klement vein yielded 120 ± 9 Ma and 76 ± 12 Ma (Hurai et al. 2008) . Consequently, the hydrothermal system of the Gemeric Superunit was developed from Early Cretaceous crustal thickening to Late Cretaceous transpressive shearing and extension (Hurai et al. 2008) . This is apparently younger than the early Alpine, Late Triassic REE-U mineralization studied here.
Remarks on possible source and origin of Ree-U mineralization
The main, quartz-apatite-REE phosphates-uraninite vein mineralization near Čučma represents the best known example of hydrothermal REE-U accumulation in the Gemeric Superunit, as well as in the whole Western Carpathians. Similar smaller vein-and impregnationtype REE-U associations with monazite, xenotime, and uraninite occur in an analogous geological setting of the Lower Paleozoic basement of the Gelnica Group in broader vicinity of Čučma, especially in SW part of the Gemeric Superunit (Rojkovič et al. 1999) . Spatially, the REE-U mineralization is commonly related with the Spiš-Gemer granitic rocks. The granites represent specialized evolved S-type, tin-bearing suite, generally also enriched in U and fluxes (B, F and P) (e.g. Broska and Uher 2001) . Consequently, these granites could have been an important source of U, REE, Y, as well as P and F for the studied mineralization. Boron-and F-bearing fluids most likely escaped from nearly granite intrusion to adjacent metamorphic rocks. The REE-U mineralization at Čučma does not contain B minerals but tourmaline-quartz dikes occur in the vicinity of the REE-U vein and in adjacent B-rich granites. On the contrary, F-bearing fluids released from granitic rocks possibly contributed during precipitation of fluorapatite and associated minerals in the Čučma REE-U vein. However, the granites display Permian crystallization age (e.g., Poller et al. 2002) and consequently the REE-Y vein mineralization could not represent a direct magmatic hydrothermal derivate. On the other hand, the early Alpine, Late Triassic thermal and tectonic rejuvenation of the Gemeric Superunit indicated by tectonic and geochronologic data (Radvanec et al. 2009; Grecula et al. 2011) , probably enabled some partial alteration and leaching of the Permian granites and adjacent Paleozoic metamorphic rocks and migration of hydrothermal F-rich fluids, enriched in P, REE, and U into suitable host-rock environment.
Uranium was deposited with REE phases as documented by the parallel bands of uraninite inclusions in botryoidal aggregates of xenotime-(Y). We propose uraninite precipitation as a result of cyclic local U oversaturation in fluids on growing xenotime surface as indicated by textural evidence (Fig. 9) . The second possible explanation of this assemblage and texture could be a partial fluid-driven dissolution-reprecipitation of U-bearing xenotime and formation of uraninite-rich bands by metasomatic alkali-rich fluids containing U released from the altered xenotime. Such mechanism was proposed for similar thorite and uraninite inclusions in xenotime and monazite in Norwegian granitic pegmatites (Hetherington and Harlov 2008) .
The attempts to estimate temperature conditions of primary minerals of the REE-U mineralization (quartz, fluorapatite, REE phosphate phases and uraninite) were unsuccessful. Fluid inclusions in quartz or apatite are very scarce and too small, and measured concentrations of Ti in quartz were under detection limit of electron microprobe (c. 10 ppm Ti in the special program file), which indicated temperature lower than ~530 °C according to Ti-in-quartz geothermometer (Wark and Watson 2006) . On the basis of experimental data supported by natural low-pressure metapelite values, the miscibility of Y in monazite increases with temperature and pressure, from 3 to about 25 at. % Y at 300 to 1000 °C and 2 to 15 kbar, but Ce concentrations in coexisting xenotime do not exceed 3 at. % at analogous P-T conditions (Gratz and Heinrich 1997; Andrehs and Heinrich 1998; Spear and Pyle 2002; Mogilevsky 2007) . Our monazite and xenotime miscibility gap boundaries are roughly similar to the experimental data. The application of the monazitexenotime geothermometry, based on Y + HREE molar fraction in monazite (Gratz and Heinrich 1997; Spear and Pyle 2002; Mogilevsky 2007) , reveals an equilibrium temperature, generally below 400 °C, due to very low Y and HREE content in monazite from Čučma (up to 0.025 apfu). The extremely low Th content in the monazite also suggests growth under hydrothermal conditions (Schandl and Gorton 2004) . Consequently, all these data indicate hydrothermal conditions for origin of primary minerals (quartz, fluorapatite, xenotime, monazite and uraninite), and precipitation of florencite-(Ce) and goyazite represented a younger, low-T replacement association.
